This paper proposes a criterion for initiation of leading edge vortex (LEV) formation on a finite wing in unsteady motion. Previous research has shown that a criterion called Leading Edge Suction Parameter (LESP) can predict the time of LEV formation in unsteady 2D airfoil flows. This research aims at extending the criterion to a 3D wing. An approach has been developed to calculate the spanwise variation of LESP using an unsteady vortex lattice method. Higher-order RANS CFD has been used to study a pitch-up motion for a large range of unswept finite-wing geometries to determine the time instant for LEV initiation. Correlation of the results from the UVLM and CFD analyses is used to study the effectiveness of the LESP criterion for predicting the time instant and spanwise location of LEV formation on the wings. It is shown that, for any given airfoil and Reynolds number, the maximum LESP on a finite wing at LEV initiation is largely independent of wing geometry and pitch-pivot location. Thus the LESP concept holds promise as an LEV initiation criterion for finite wings.
I. Introduction
Unsteady flow phenomena are prevalent in a wide range of problems in nature and engineering, including dynamic stall in rotorcraft and wind turbines, leading edge vortices in delta-wings, micro air vehicle (MAV) design, gust handling, and flow control. These unsteady aerodynamics problems are characterized by rapid changes in circulation of the airfoil/wing, apparent-mass effects, flow separation, and vortices in the flowfield. In particular, the study of the leading edge vortex (LEV) is of great interest because their formation, growth, convection, and detachment affect the forces on the airfoil/wing. It is for this reason, that LEV formation on airfoil and wings have received significant attention researchers studying dynamic stall and insect flight.
Of interest in the study of LEV-dominated flows is the time instant of initiation of the LEV formation. In recent work, 1, 2 we introduced a Leading Edge Suction Parameter (LESP), which is a measure of the leading-edge suction peak. We hypothesized that a critical value of LESP is correlated to the onset of LEV formation. We show that the instantaneous value of the LESP for airfoil flows can be determined using a large-angle unsteady thin airfoil theory 3 and is simply the A 0 term of the Fourier series description of the instantaneous chordwise vorticity distribution on the airfoil in unsteady flow. We also showed that, for any given airfoil and Reynolds number, there is a unique critical value of the LESP. The key benefit is that this critical value is independent of the motion kinematics; for a given airfoil and Reynolds number, we can determine the critical LESP from experiment or CFD for one motion and use this for any other motion. Further, in reference 2, we used the LESP idea to develop a switch for turning "on" or "off" discrete vortex shedding at the leading edge to model the formation and growth of LEVs.
The motivation in the current work is to extend the LESP concept to three-dimensional finite wings, where initiation of LEV formation, which will occur at some spanwise location, will be affected by the induced downwash. Prediction of LEV initiation (both the time instant and the spanwise location) is the first step to modeling intermittent LEV formation and shedding on rounded leading-edge wings using unsteady vortex lattice methods. In the current work, we extend the LESP concept to finite wings by calculating the LESP for various chordwise strips using an unsteady vortex lattice method (UVLM). By analyzing various wings using both UVLM and a higher-order RANS CFD code, we examine the maximum LESP value along the wing span at the instant corresponding to LEV initiation, as predicted by CFD.
II. Background: Leading Edge Suction Parameter
Leading Edge Suction Parameter (LESP) is a criterion that has been proposed by Ramesh et al. 1 to determine the start conditions for LEV formation and shedding in unsteady motion of airfoils. The LEV formation begins with leading-edge boundary-layer separation followed by ejection of vorticity into a shear layer that rolls up to form the LEV. However, the conditions leading to LEV initiation depend on several factors including leading-edge shape, Reynolds number, motion kinematics, and influence of other flow features in the vicinity. The main idea of the LESP concept is that the initiation of LEV is chiefly determined by the leading-edge suction, which is influenced by the aforementioned factors. The research of Ramesh et al. 1, 2 showed that a critical value of this leading-edge suction, parametrized by the value of the LESP , governs the initiation of LEV formation. During any unsteady motion, when the instantaneous LESP crosses a critical value, LEV formation is initiated. This critical value is dependent only on airfoil shape and Reynolds number, and is independent of motion kinematics.
Ramesh et al. 1, 2 used unsteady thin airfoil theory to analyze the flow over an airfoil undergoing arbitrary motion. The chordwise vorticity distribution for the airfoil, γ(x), is expressed as a Fourier series:
where θ is a variable of transformation related to the chordwise coordinate x as,
in which A 0 (t), A 1 (t), ..., A n (t) are the time-dependent Fourier coefficients, c is the airfoil chord, and U is the component of the airfoil's velocity in the negative X direction. It was shown that the instantaneous LESP , which is a measure of the suction at the leading edge, is simply equal to the instantaneous A 0 value:
The result of this relationship is that, when unsteady thin airfoil theory is used to study the inviscid flow over an airfoil undergoing arbitrary motion, the LESP can be tracked to check if reaches a pre-determined critical value to determine if the condition for LEV shedding is reached at that time step. The current work aims to develop a similar criterion for finite wing unsteady flows.
III. Methodology A. Unsteady Vortex Lattice Method
Unsteady Vortex Lattice Method (UVLM) is a time-dependent, low-order method for calculating the potential flow part finite wings. The current formulation largely follows the time-stepping approach presented by Katz and Plotkin. 4 The wing cross-sections are replaced by their mean camberline shapes. The mean-camber surface and the wake are discretized into lattices. Vortex rings are used to represent the chordwise and spanwise variations of the vortex sheet strength for both the bound and wake vorticity. The strengths of the vortex rings are determined by satisfying the zero-normal flow boundary condition on all the control points on the wing lattices. Unsteady flow solution is obtained by time marching the calculation. In a departure from the UVLM formulation presented by Levin and Katz 5 and Katz and Plotkin, 4 in the current implementation of the UVLM, the tip edge of the wing is assumed to shed a trailing vortex wake. This modification was found to improve predictions of LEV initiation for low aspect ratio wings, in which the tip vortex structure has a strong influence on induced velocities along the leading edge. Figure 1 shows the lattice arrangement on the right half of a low aspect-ratio wing. Of particular interest in the current work is the determination of the spanwise variation of LESP along the wing at every time step. For this calculation, the strengths of the bound-vortex filaments on each chordwise strip are considered. The chordwise variation of the strengths of the discrete bound-vortex filaments on each strip is converted to a smooth variation by interpolation, from which the coefficients of the Fourier series describing the airfoil chordwise bound-vorticity distribution (used in traditional thin airfoil theory) is obtained by a matching process. The A 0 term for the strip is then taken as the LESP for that strip at that time step.
It is important to note that the UVLM, in its current formulation, does not account for any viscous effects or leading-edge vortex formation. Because it is a purely inviscid method, the results are valid only until the initiation of LEV formation, provided there is no significant trailing-edge stall.
B. CFD
The CFD is based on an 'all speed' version of NCSU's REACTMB flow solver, which integrates the compressible Navier-Stokes equations in time using implicit dual time-stepping methods. The 'all speed' formulation utilizes timederivative preconditioning, along with modifications to the upwinding methods, 6 to recover an incompressible limiting form as the Mach number approaches zero (or the speed of sound approaches infinity). The code can thus be used to compute either incompressible or compressible flows. Low-dissipation piecewise parabolic reconstruction methods 7 are used to extend the basic first-order upwind methods to fourth-order spatial accuracy in vorticity-dominated regions, and the governing equations are formulated in an arbitrary Lagrangian-Eulerian (ALE) fashion to enable moving-mesh flow simulations. Spalart-Allmaras one equation turbulence model is used for turbulent viscosity. Figure 2 shows a typical mesh distribution used for the finite-wing calculations in the current work.
The CFD model was validated by qualitatively comparing the flow solution with the PIV results from the experimental study of Yilmaz and Rockwell 8 for an aspect-ratio 2 flat plate undergoing a 0-45-degree pitch-up motion. The flow visualization for four time instants from CFD are shown in figure 3 . The comparison with the PIV flow images (figure 6 of reference 8) is excellent.
C. Cases
A total of 15 finite-wing geometries and two 2D cross-sections are considered in this effort. Cases 1-13 are finite wings of different taper ratios, tip-twist angles, aspect ratios, and pivot locations with the SD7003 airfoil cross-section from reference 9. Case 2D is a two-dimensional flow case for this airfoil. Cases P1 and P2 are finite wings with the flat plate cross-section, for which the 2D case is labeled P2D. Table 1 lists the details of the 17 cases used in this paper. All wings have unswept leading edges and zero dihedral angle. 
D. Motion parameters
For all geometries in this work, a 0-45-degree pitch motion is considered, with a non-dimensional pitch rate of K = αc/(2U ) of 0.1 rad/s. Figure 4 shows the time variation of α. 
E. Determination of LEV initiation and LESP max from CFD and UVLM
The determination of LEV initiation for finite wings builds on a surface skin-friction signature that we have developed for LEV initiation in 2D flows. Details are in the Appendix of reference 2. Briefly, we have found that, in the leading edge region, the time instant at which spikes in the negative-C f region become one or more positive-C f regions (embedded with the negative-C f region) can be reliably taken as the time instant of LEV initiation. This procedure has been applied to finite wings by looking for this signature in the plot of upper-surface skin-friction lines from CFD.
(a) From CFD frame just prior to LEV onset, t * = 2.880, α = 21.54 deg.
(b) From CFD frame just after to LEV onset, t * = 2.925, α = 22.06 deg. To illustrate the methodology used to identify the time instant corresponding to LEV initiation, Figs. 5(a) and 5(b) show the upper-surface skin-friction lines on the wing for case study 1 for the frames just prior to LEV initiation and just after LEV initiation, respectively. Thus, for this case, it can be said that the t * corresponding to LEV initiation is between 2.880 and 2.925. It is also seen that the LEV initiation occurs at the wing root for this wing, i.e., at y = 0. Figure 6 shows the spanwise distributions of LESP for case 1 for t * = 2.925 (solid curve, for CFD frame just after LEV initiation) and for t * = 2.880 (dashed curve, for CFD frame just prior to LEV initiation). These spanwise LESP distributions were obtained from the UVLM analysis. The maximum LESP value, corresponding to LEV initiation, for case 1, therefore, occurs between the maximum values for these two spanwise LESP distributions. Thus the solid black horizontal line in figure 6 indicates the LESP max value, with the black error bar denoting uncertainty, corresponding to initiation of LEV for case 1. In the remainder of the paper, results for initiation of LEV formation on any wing will be presented using a plot of upper-surface skin-friction lines from a CFD frame corresponding to just after LEV onset. The LESP distribution from UVLM will also be presented for the t * corresponding to this frame. The LESP max value with error estimate for the wing will be denoted by a horizontal line with an error bar in the LESP vs. spanwise coordinate plots.
IV. Results and Discussion
The results are presented as six case studies to illustrate the finite-wing effects (case study A), effect of pivot location (case study B), effect of wing taper ratio (case study C), effect of wing-tip twist (case study D), effect of aspect ratio (case study E), and effect of airfoil shape (case study F) on initiation of the LEV. In each case study, case 1 is used as the baseline wing for all comparisons.
A. Case Study A: Finite-wing effects
In this case study, the initiation of the LEV for the baseline case (case 1) is compared with that for the SD7003 airfoil (case 2D). The details of the two cases are listed in Table 2 . Figure 7(a) shows the motion history and compares the t * for LEV initiation for cases 1 and 2D. It is seen that the angle of attack for LEV initiation for case 1 is approximately 4 degrees higher than that for the 2D case. Figure 7(b) shows the spanwise distributions of LESP for case 1 for t * = 2.925. The black horizontal line in figure 7(b) indicates the LESP value, with the black error bar denoting uncertainty, corresponding to initiation of LEV for case 1. Similarly, the red horizontal line denotes the critical LESP value, with error bar denoting uncertainty, for the SD7003 airfoil (case 2D). It is seen that the LESP max for case 1 is lower than the LESP crit for the corresponding airfoil (case 2D).
B. Case Study B: Effect of pivot location
In case study B, the initiation of the LEV for the baseline case (case 1, pivot at c/4) is compared with that for same wing with pivot at 3c/4 (case 2). The details of the two cases are listed in Table 3 . (a) Upper-surface skin-friction lines for case 2 from CFD, t * = 3.375, α = 27.22 deg. 8(a) compares the upper-surface skin-friction lines for case 2 from the CFD frame corresponding to just after LEV onset. Although the skin-friction distribution is similar to that for case 1 ( figure 5(b) ), they occur at substantially different angles of attack. Figure 8(b) shows the motion history and compares the t * for LEV initiation for cases 1 and 2. It is seen that the angle of attack for LEV initiation for case 2 is approximately 5 degrees higher than that for case 1. Figure 8(c) shows the spanwise distributions of LESP from UVLM for case 1 at t * = 2.925 (black curve) and for case 2 at t * = 3.375 (green curve). The LESP max values with error margins for the two cases are shown using the horizontal lines, with black color for case 1 and green for case 2. Also shown as a red horizontal line is the LESP crit for the airfoil case 2D. It is seen that, even though the angles of attack for LEV initiation are different for cases 1 and 2, the LESP max values are close to each other. Figure 8(d) compares the C L vs. t * predictions for the two cases from CFD and UVLM. The CFD predictions for the two cases show that there is a noticeable reduction in the slope of the C L -t * curve at t * of approximately 0.5 after the LEV initiation. This change in slope is followed a further t * of 1.0 later by a sharp drop in C L due to dynamic stall. These nonlinearities are the result of LEV formation. Thus LEV initiation is an important precursor to the onset of nonlinear behavior and dynamic stall. Because the UVLM models only the inviscid aerodynamics, the UVLM results are not valid after LEV initiation, as this theory does not account for the effects of LEV formation.
In both cases, prior to the initiation of LEV formation, it is seen that the UVLM over predicts C L compared to CFD by approximately 0.2. This small over prediction can be attributed to viscous effects, due to boundary-layer growth, that are not modeled in the UVLM. Nevertheless, in the region prior to LEV initiation, it is seen that the UVLM-predicted trends in C L vs. t * between the two cases match well with the CFD-predicted trends.
C. Case Study C: Effect of taper ratio
In case study C, the initiation of the LEV for the tapered wing of case 3 is compared with that for the constant-chord baseline case (case 1). The tapered wing has the same wing area, span, and pivot location as the baseline wing. The geometry for this wing has been generated with an unswept leading edge to avoid possible effects of the leading-edge sweep angle on the LEV formation. The details of the two cases are listed in Table 4 . Figure 9(a) compares the upper-surface skin-friction lines for case 3 from the CFD frame corresponding to just after LEV onset. It is seen that, in contrast to the behavior seen in case 1, the initiation of LEV occurs at approximately halfway between the wing root and the wing tip. Figure 9(b) shows the motion history and compares the t * for LEV initiation for cases 1 and 3. It is seen that the angle of attack for LEV initiation for case 3 is around 1 degree higher than that for case 1. Figure 9 (c) compares the spanwise distributions of LESP from UVLM for case 3 with that for case 1. The LESP max values for the two cases are shown using the horizontal lines, with black color for case 1 and green for case 3. The red horizontal line is the same LESP crit shown earlier for the airfoil case 2D. As shown in figure 9(c) , the spanwise distribution of LESP for case 3 is M-shaped. The two peaks of this M-shaped LESP distribution indicate the UVLM-predicted spanwise locations for LEV onset. It is seen that that initiation of LEV formation for case 3 is predicted by the UVLM to occur somewhere along the semispan between the root and tip chords, which is in broad agreement with the CFD prediction. Thus, it can be said that LESP concept can predict not only the time and α, but also the spanwise location for LEV initiation. Figure 9 (d) compares the C L vs. t * predictions for the two cases from CFD and UVLM. Both CFD and UVLM predict that, prior to initiation of LEV formation, the two cases have nearly the same C L vs. t * variations.
D. Case Study D: Effect of wing-tip twist angle
In case study D, the initiation of the LEV for the baseline case (case 1, twist = 0) is compared with that for same wing with wing-tip twist of 10 degrees (case 5). The details of the two cases are listed in Table 5 . Figure 10(a) shows the upper-surface skin-friction lines for case 5 from the CFD frame corresponding to just after LEV onset. It is seen that, because of progressively higher incidence angles of the outboard wing sections, the initiation of LEV occurs at approximately halfway between the wing root and the wing tip. Figure 10(b) shows the motion history and compares the t * for LEV initiation for cases 1 and 5. It is seen that the angle of attack for LEV initiation for case 5 is approximately 4 degrees lower than that for case 1. Figure 10(c) shows the spanwise distributions of LESP from UVLM for cases 1 and 5, and compares the LESP max for the two cases with the LESP crit for the airfoil case 2D. It is seen that, even though the angles of attack for LEV initiation are different for cases 1 and 5, the LESP max values are close to each other. Also seen is that the LESP (y) curve reaches the maximum value at y/(b/2) of approximately 0.35, which agrees qualitatively with the CFD-predicted spanwise location of the LEV initiation. Figure 10(d) compares the C L vs. t * predictions for the two cases from CFD and UVLM. As seen in other case studies, the UVLM-predicted trends between the two cases agrees with the CFD-predicted trends prior to LEV initiation, and, soon after LEV initiation, nonlinearity sets in the CFD-predicted C L vs. t * variation.
E. Case Study E: Effect of aspect ratio
In case study E, the initiation of the LEV for the baseline case (case 1, rectangular wing of AR 2) is compared with that for rectangular-wing cases 7 and 13 (AR 4 and 6, respectively).The details of the three cases are listed in Table 6 . Figures 11(a) and 11(b) show the upper-surface skin-friction lines for cases 7 and 13 at LEV initiation. Although the aspect ratio is different, the initiation of LEV formation for cases 1, 7, and 13 starts at the wing root for each wing. Figure 11(c) shows the motion history and compares the t * for LEV initiation for cases 1, 7, and 3. It is seen that the angles of attack for LEV initiation for cases 7 and 13 are approximately 2.5 degrees and 3.5 degrees lower, respectively, than that for case 1. With increasing aspect ratio, it is seen that the points of LEV initiation starts to approach the point for case 2D.
Figure 11(d) shows the spanwise distributions of LESP from UVLM for case 1 at t * = 2.925 (black curve), for case 7 at t * = 2.700 (green curve), and for case 13 at t * = 2.610 (blue curve). The LESP max values for the three cases are shown using the horizontal lines. The red horizontal line is the same LESP crit for the airfoil case 2D. It is seen that the LESP max values for the aspect ratio of 4 and 6 are higher than that for case 2 by approximately 0.03. The LESP max value starts to approach the LESP crit value of the 2D case with increasing aspect ratio. Figure 11 (e) compares the C L vs. t * predictions for the three cases from CFD and UVLM. The predictions from both CFD and UVLM show that the slope of C L vs. α increases with increasing aspect ratio, as expected.
F. Case Study F: Effect of airfoil shape
In case study F, the initiation of the LEV for the baseline case (case 1, SD7003 airfoil) is compared with that for same wing with a flat plate airfoil (case P1). For comparison, the initiation of LEV formation on the corresponding 2D geometries (case 2D for SD7003 and case P2D for the plate) are shown. The details of the cases are listed in Table 7 . Figure 12 (a) compares the upper-surface skin-friction lines for case P1 from the CFD frame corresponding to just after LEV onset. It is seen that the pattern is similar to that for case 1. Figure 12(b) shows the motion history and compares the t * for LEV initiation for cases 1, 2D, P1, and P2D. Because the flat plate has a much smaller leadingedge radius than the SD7003 airfoil, the initiation of LEV formation occurs at a much smaller α on the plate, both for the P2D and the P1 cases. Figure 12(c) shows the spanwise distributions of LESP from UVLM for cases 1 and P1, and compares the LESP max for these two cases with the LESP crit for the corresponding 2D geometries, cases 2D and P2D. For each geometry, even though the LEV initiation is widely separated in α and t * , it is seen that the LESP max for the finite-wing case is close to the LESP crit for the corresponding 2D geometry. The results for LEV initiation for all test cases are tabulated in table 8. The finite-wing cases include 13 cases with the SD7003 airfoil and 2 cases with the flat-plate geometry. These are compared with LEV initiation on the corresponding 2D geometries (cases 2D and P2D, for the SD7003 and plate geometries, respectively). Figure 13 coplots the t * and α for LEV initiation for the 15 cases and the two 2D cases. It is seen that the spread in α value for LEV initiation on the finite wings with the SD7003 airfoil is almost 14 degrees, from 14.84 degrees for case 11 to 28.76 degrees for case 4. For the two finite wings with plate geometry, the spread is approximately 5 degrees due to change in pivot location. These spreads show that α is not a good parameter for developing a general criterion for LEV initiation.
G. Comparison of LEV-initiation results for all cases

LESPcrit (P2D)
LESPcrit ( Considering the plate-geometry cases (cases P2D, P1, and P2) first, it is seen that the LESP max values for cases P1 and P2 differ by only 0.0018 from an average value of 0.0924, which is quite close to the LESP crit of 0.0985 for case P2D. Considering the SD7003-geometry cases next, it is seen that the spread in LESP max values is concentrated in a narrow band around a value of 0.2204, with a spread of 0.0355 from 0.2024 for case 3 to 0.2379 for case 13. The average value of 0.22 is reasonable close to the LESP crit value of 0.2067 for case 2D. If this average value of LESP max = 0.2204 is used as a pre-specified critical value to determine LEV initiation on all the 13 finite wing cases with the SD7003 geometry (cases 1 to 13), the predicted α for LEV initiation agrees with the α crit values listed for cases 1-13 in table 8 with a maximum error of 2.10 degrees. More specifically, the error is within a band of 3.3 degrees, ranging from 1.20-degree error for case 13 to −2.10-degree error for case 3. This maximum error of 2.10 degrees is much smaller than the overall spread of almost 14 degrees in α crit for the 13 cases. This result shows that the LESP max is a much better parameter to use as a universal criterion to predict initiation of LEV formation on finite wings. It is believed that the spread of 0.0355 in LESP max can be further decreased with improved modeling of the separated wake vortices from the tips of finite wings. Even with the current model, however, it is seen that the t * and spanwise location for initiation of LEV formation on a finite wing are determined by the maximum value of the spanwise variation of LESP reaching a critical value. This critical value depends only on the wing cross-section and Reynolds number, and does not depend on motion kinematics.
V. Conclusion
In previous research, a criterion, based on a newly-developed Leading-Edge Suction Parameter (LESP), was developed for prediction of initiation of LEV formation in airfoil flows. The aim of the current work was to explore if this LESP criterion would also successfully predict LEV initiation on finite wings. A two-pronged approach was used for this study, combining low-order and high-order modeling of pitch-up motions for a large range of wing shapes. For the low-order modeling effort, an unsteady vortex lattice method (UVLM) was developed. The UVLM was used to calculate the spanwise variation of LESP for any wing shape undergoing unsteady motion. For the high-order modeling, a RANS CFD code was used to study LEV formation on pitching wings, with specific attention to the instant of LEV initiation. By studying 15 wing shapes with variations in planform geometry, pivot location, twist angle, aspect ratio, and cross-section shape, the maximum values of the spanwise LESP variations for the wings at LEV initiation were compared. It was seen that, for any given airfoil shape and Reynolds number, this maximum LESP value for all the wings was acceptably close to the critical LESP for the 2D airfoil. Deviations in the maximum LESP value from the 2D LESP crit is attributed primarily to insufficient fidelity in modeling the tip vortex structure, which significantly affects the leading-edge flows on low-aspect-ratio wings.
While further refinement of the study is needed to better model the tip-vortex flow in the UVLM formulation, the current results do show that initiation of LEV formation on finite wings is governed by a critical value of the LESP. During any motion, when the LESP on any spanwise portion of the wing reaches this critical value, LEV formation in initiated at that location. This criticality condition could be used to turn "on" or "off" LEV shedding on finite wings with rounded leading edges. Such a capability would enable more realistic low-order prediction of LEV-dominated wing flows.
